The present study reports estimates of alpha (), beta () and gamma () diversity for the fish community of Chacmochuch Lagoon (SE Mexico), a natural protected area located in the northern portion of the Mesoamerican Barrier Reef System. Fish specimens were sampled in 2004 and 2006. Field work was carried out at three climatic peaks: at 13 stations using a 70 m-long beach seine. The collected data were supplemented with information obtained from a previous work conducted in 2002 and were then analyzed with multivariate statistical methods. In addition, fish composition results from this study were compared to those reported for other similar ecosystems of the region. A total of 68 fish species were recorded, determined as peripheral (high-salinity species, usually marine affinity) most of them. Most of the fish species collected were determined as rare, and a few number of species were determined as common and dominant. Salinity, TSD, temperature, dissolved oxygen and other variables were measured to determine the influence over the fish communities, four groups of sites where determined. Results indicated a gradual decrease in the degree of species replacement towards the interior of the system (away from the coast). The estimated value of gamma diversity was high compared to that reported for other coastal systems of the region and, due to the high degree of habitat heterogeneity found in this system; beta diversity had a greater contribution to gamma diversity than alpha diversity. This lagoon acts as a nursing area for many of the fish species collected in this study as indicated by the presence of juvenile stages.
Introduction
Species diversity is a basic parameter used for ecosystem evaluation, conservation, and management (Franklin, 1993; Harris et al., 1996; Nagelkerken et al., 2000b) . Nonetheless, the numerical methods which are used to estimate species diversity have changed drastically due to recent advances in ecology (Franklin, 1993) , and such new procedures have allowed the estimation of species diversity at multiple spatial scales. These approaches have underlined the importance of analyzing and protecting biodiversity at the habitat, ecosystem, and landscape levels (Franklin, 1993) .
Biodiversity is the variability among living organisms from all sources including, terrestrial organisms, marine, and other aquatic ecosystems, this includes diversity within and between species, and of ecosystems (Naeem & Wrigth, 2003) . Biodiversity can be divided into three components: alpha (local diversity), beta (degree of species replacement among different habitats), and gamma (global diversity of the entire landscape) (Whittaker, 1972) , all of which are measured in the same way and can be applied across different scales (Magurran, 2004) . However, most of our understanding on biodiversity is based on estimates of alpha diversity (i.e., local diversity), ignoring the hierarchical spatial organization of biodiversity. Such an approach is a major shortcoming to our understanding of biodiversity, since higher-order components of diversity are influenced by ecological and biogeographical process which do not act at the local scale. Because overall biodiversity is maintained by such processes, conservation actions based on measurements conducted at only one spatial scale can lead to ineffective strategies. In this way, analyses of biodiversity simultaneously conducted at several spatial scales have been essential to understand the contribution of large-scale processes to local biodiversity patterns, and have served to elucidate the connection between local and regional species richness Gaston, 2000; Nogués-Bravo et al., 2008) .
Coastal lagoons are essential components of coastal regions. They are defined as littoral water bodies formed by numerous habitats which vary in terms of the type of vegetation (e.g., mangrove, seagrass), salinity, and type of bottom cover. Coastal lagoons typically receive large nutrient and energy inputs from adjacent ecosystems, and maintain a temporary or permanent connection with marine areas . Due to their high degree of environmental heterogeneity, as well as multiple feedbacks and connections with adjacent areas, coastal lagoons are fundamental for the preservation of biodiversity (Day & Yáñez-Arancibia, 1985; Dorenbosch et al., 2005) .
Unfortunately, the exponential growth and development of human populations in coastal areas has resulted in significant impacts on biodiversity Halffter, 1998; Moreno & Halffter, 2001) due to various types of disturbances which have led to biological degradation of ecosystems which are adjacent to populated areas (Halffter, 1998; Avilés-Torres et al., 2001; Moreno & Halffter, 2001) . Ironically, the same characteristics which make these systems especially rich in terms of biodiversity (e.g., habitat heterogeneity, connectance), also make them highly susceptible to human impacts (Rodríguez & Lewis, 1994) . Moreover, compared to terrestrial ecosystems, the loss of biodiversity in lagoons and other aquatic systems has been largely overlooked (Hawksworth, 1995; Huston, 2003; Soberón & Koleff, 1999; Sosa-Escalante, 2004) , despite the fact that the degradation of these systems has been recognized as a large-scale environmental problem (Nagelkerken et al., 2000b) .
Fish communities in coastal systems are composed of pelagic, benthic, and seasonal, residents (species that enter in the system to feed or reproduce and then disperse outside the lagoon or reef sea area to complete their life stage) (Pihl et al., 1994) . The abundance and diversity of fish in these systems is affected by the habitats (Nagelkerken et al., 2000b) , where the physical and chemical factors such as depth, degree of wave exposure, temperature, and salinity, determine the zonation and the structural heterogeneity of habitat in lagoons and reef systems, which largely controls the composition and diversity of fish species in a certain area (Meekan et al.,1995 and Jankowski et al., 2009) . Dynamics and wave exposure is another factor (Fulton et al., 2005) .
The aim of the present study was to estimate alpha (), beta (), and gamma () diversity of the fish community present at the coastal lagoon of Chacmochuch (southeast Mexico). Also, the influence of physicochemical variables (annual cycles) on the abundance and richness of composition of local species was evaluated, considering the fish as an indicator group.
Materials and Methods
Study area. The Natural Protected Area (NPA), Chacmochuch lagoon (21°10'53"N 86°48'45"W and 21°15'14"N 86°51'29"W) is located northeast of the city of Cancun, Mexico, within the Caribbean biogeographic province, and in the northern portion of the Mesoamerican Barrier Reef System (Almada-Villela et al., 2002) . It has a total area of 11,527 ha (Universidad de Quintana Roo, 1999), and presents a zone that is under marine influence conformed by 1) stations: Ch1, Ch2, Ch3, Ch4, Ch5, Ch6, and Ch7 of Chacmochuch bay); 2) a zone named Ria Nagigo (R), and 3) eight principal lagoons, all of the above are surrounded by mangrove forests (Rhizophora mangle, Laguncularia racemosa, Avicennia germinans, and Conocarpus erectus): conformed by Larga (L), Punta Sam (S), Las Garzas (G), Cocodrilos (C), Zapatito (Z), Esmeralda (E), Manati (M), and La Esperanza (E) ( Fig. 1 ; Table 1 ). The weather in this region is hot and subhumid, with a mean annual temperature of 27ºC, and a mean annual rainfall of 1300 mm. The system's maximum depth is 5 m (1 m on average), and the tide regime has only a moderate influence on ecosystem processes. Bottom cover types range from seagrass areas (Thalassia testudinum being the most common species, followed by Syringodium filiforme), to exposed sandy substrates, patches with both, sea grasses, and algae, as well as hard-bottom areas.
Sample collection. Data from this study were collected in 2004 and 2006 , and combined with a data set from a previous work conducted in (Caballero-Vázquez et al., 2005 . Field work was carried out at three climatic peaks: in March (driest), June (rainiest), and September (coldest). In both studies, a total of 13 sampling stations were established at representative areas of the system, in terms of bottom type, depth, and distance from the mouth of Chacmochuch Bay on the Caribbean Sea (Fig. 1) . The same methodology was used for samples collected from 2002 to 2006; one sampling for each site in three climatic peaks, for 3 annual cycles. Quantitative sampling at each station was done with a 2.5-m high, 70-m long, and 1.5-cm mesh seine net (one sample per site per period). Collected specimens were identified using specialized bibliography and deposited as vouchers at the fish collections of ECOSUR-Chetumal (ECO-CH) and CINVESTAV-Merida (CINV-NEC). In addition, surface and bottom physicochemical parameters were recorded at each station using a multiparametric probe YSI 6600. These variables were: temperature, salinity, dissolved oxygen, pH, turbidity, chlorophyll, nitrogen, TSD, ammonium, nitrates, phosphorous, depth, and clarity. Fish species were grouped as primary, secondary, and peripheral (Table 1) their tolerance to salinity, using the criteria proposed by Castro-Aguirre et al.(1999) .
To validate the data set, species richness was estimated with species accumulation curves based on 1000 sample-based randomizations (EstimateS V. 8, Colwell, 1994 and the rarefaction method (Primer V. 5.2, Clarke & Gorley, 2001 ). Species accumulation curves based on the sampling effort were compared to the estimated values of an exponential equation using the following formula:
where S(t) is the expected species richness, t = is the effort (man-hours), and a and b are parameters that determine the speed at which saturation in species richness is reached (Soberón & Llorente, 1993) . Both a binary matrix (species presence/absence) and a richness matrix (number of species) were constructed for each sampling station. To statistically define the degree of homogeneity or heterogeneity between sampling in H' diversity (Shannon-Wiener index), a modified "t"-test (Hutcheson, 1970) was conducted. Hill (1973) diversity numbers were used to calculate the effective contribution of every species in each sample based on its abundance. Analyses were conducted using BIODIV 5.1 (Baev & Penev, 1995) . All tests considered a significance level of  < 0.05.
As a measure of beta diversity (turnover rate) of the species that are won and lost from one site to another, a Non-Metric Multi-Dimensional Scaling (NMDS) was used to determine the influence of physicochemical variables on fish composition and abundance, through a dissimilarity analysis. Significant differences of variables analyzed were determined. These analyses were conducted with diversityvegan, version 2.11.1 of the "R" program (R Development Core Team, 2010).
Beta diversity. Species replacement between sampling stations was measured with the Cody (1975) index, which is expressed as species gained or lost when moving between stations. This index is computed in the following way: BC1 = [ g(H) + l(H) ] / 2, where BC1 = Cody index, g(H) = number of species present in habitat 1 but absent in habitat 2 (species gained) and I(H) = number of species absent in habitat 1 but present in habitat 2 (species lost). The resulting values were employed to create a triangular matrix which was then used to conduct a cluster analysis (flexible sorting, Bray Curtis similarity) to determine associations between stations in terms of fish abundance. Cody index validation as a basic definition of beta analysis was recently established by Tuomisto (2010a Tuomisto ( , 2010b .
Gamma diversity. proposed the measurement of gamma diversity based on components alpha, beta, and the spatial dimension.
where:  = gamma diversity; = average number of species in a community;  = the inverse of the species dimension; that is, 1/the mean presence of communities or locations occupied by a species; N = total number of communities.
To calculate , the total number of species present in each habitat (ni) was divided by the total number of species present in the landscape (n) and elevated to -1 (Sosa-Escalante, 2004) using the following formula:
Results
Specie richness. Species accumulation curves and bootstrap analyses showed that the sampling effort adequately represented species richness of each site. The number of collected species was close to the estimated value based on the expected species richness model (Fig. 2a, b) . A total of 4500 specimens were collected belonging to 68 species, 50 genera, and 34 families; 20 species represented 90% of the total abundance (Table 1) , while 88.2% of the total number of species were defined as peripheral and 11.8% as secondary.
No primary species were found in Chacmochuch (Fig. 3) . Among the collected species, Gerres cinereus, Floridichthys polyommus, Archosargus rhomboidalis, Anchoa parva, Sphyraena barracuda, and Harengula jaguana were the most abundant (> 66% of all specimens collected) ( Table 1) . Strongylura notata, Sphoeroides testudineus, and Lactophrys quadricornis were recorded at 8 out of 13 sampling sites; although their abundance was lower (Table 1) . (Table 2 ). Sites located in the marine zone showed the highest species diversity values (Ch7, Ch5, Ch3, Ch2, and Ch1, ordered from highest to lowest), and it was also in this area where connectivity and exchange of lagoon and reef fish species was greater. On the other hand, the Zapatito and Manati lagoons, as well as Ria Nagigo showed homogeneous conditions regarding species richness and the greatest evenness (Table 2) .
Heterogeneity in the system and groups associations.
Results from the NMDS analysis showed four groups of sites (Fig. 4) . One group included Chacmochuch Bay (1 to 7) and the Esperanza lagoon, this group was determined by variables such as temperature (P=0.029), ammonium (P=0.011*), salinity (P=0.001*), TDS (P=0.001*), and pH (P=0.254). A second group included the Garzas and Zapatito lagoons, and was determined by depth (P=0.12) and temperature. A third group consisted of Larga and Manati lagoons for which chlorophyll  (P=0.03*), turbidity (P=0.01*), oxygen (P=0 .030*), and nitrates (P = 0.079) were the variables that determined the group's structure. The last group only included Ria Nagigo which exhibited particular combinations of temperature and depth, and was also influenced by tides; such conditions made this site different from all others in the system (* denotes significant differences).
The abundance index (Hill numbers) indicated that Ch7, Ch1, and Ch5 (with marine influence) had the greatest number of species with medium and high abundances (N1, N2), as well as the greatest amount of rare species and a lower rate of replacement (Fig. 5, Table 2 ). In contrast, Laguna Larga, Ria Nagigo, and Zapatito exhibited the lowest number of species with medium and high abundances.The estimated value of gamma diversity in the system was 68 species (18.23 x 0.029 x 13); diversity values are presented in Table 3 .
Discussion
The present work adds important information to that reported in previous studies which have described the fish species composition of Chacmochuch lagoon at different sites within this system (Caballero-Vázquez et al., 2005) . However, this study not only describes species composition but also provides estimates of species diversity at several spatial scales (e.g., the degree of fish species replacement across sampling sites). The aim of the study was to estimate alpha (), beta (), and gamma () diversity of the fish community. In addition, we used multivariate statistical methods to determine the influence of physicochemical variables on spatial patterns of species distribution and associations. In this way, the present study has increased the current knowledge on coastal lagoon systems such as Chacmochuch, providing information that underlines the importance of conducting biodiversity analyses at more than one spatial scale.
Fish species diversity. Species richness has been commonly used as a surrogate of fish species diversity in coastal systems. In the case of Chacmochuch, fish species diversity was higher than that previously reported for an adjacent system composed of the lagoons of Nichupte and Bojorquez, where a total of 37 fish species were recorded (Reséndez-Medina, 1975) In should be noted that although the effort and sampling methods differ in each study, all papers reported the composition or species richness at each site and this allows a comparative analysis of species richness of this study to other similar sites. The result of saturation species curves found that biodiversity registered in Chacmochuch is representative of the area, according to species richness at each site, which validates the fishing net used. Our data suggest that the Chacmochuch lagoon may be richer than other similar coastal lagoon systems located throughout the Mexican Caribbean, and this may be due to its proximity to the Gulf of Mexico, and thus the possibility of species interchange between regions (Fig. 1) . Both regions (Mexican Caribbean and Gulf of Mexico) are part of the Atlantic Ocean. Another explanation could be the elevated productivity of waters adjacent to the study system, coupled whit hydrobiological connectivity between mangrove systems, lagoon systems, grasslands, and marine area. Nonetheless, we caution on any further speculations because the sampling effort has been extremely different for most of the cited studies, and thus a valid comparison remains to be performed.
Environmental heterogeneity. Fish species diversity is influenced by salinity and temperature, these variables coupled with TSD, ammonium or oxygen exhibit their highest values near the marine coastal zone, and they are probably the primary driver of beta diversity among the lagoon system (Davidar, 2007) . However, when fish biodiversity is estimated based in species that were found to group among the sampling sites analyzed, more complex ecological patterns arise compared to when fish community data are analyzed along environmental gradients. Such groups generate ecological information that shows the influence of natural and anthropogenic disturbances on fish community responses. Results of our NMDS analyses suggest four groups of sites that were identified and corresponded to the classification defined in figure 4 . Chacmochuch bay sites 1 to 7 exhibited the highest level of species replacement. According to the turnover rate, a comb-shape gradient was observed, indicating that species replacement tends to decrease toward the interior portion of the lagoon. The same pattern was observed for alpha diversity values.
It is recognized that -diversity will increase with habitat or environmental heterogeneity, and that species saturation will occur at successively smaller proportions of the regional pool (Loreau et al., 2001) . Accordingly, in this study we found that -diversity was lower than -diversity ( Table 3 ), indicating that topographic and environmental heterogeneity Fig. 4 . n-MDS (non-metric Multi-Dimensional Scaling, Bottom) whit the effect of environmental variables during the annual cycle on the sites of Chacmochuch Lagoon System whit p-values of the total fish species (size of the line, determines the effect of variable. Circle diameters are sized in proportion to the variables effect in each site). For the analysis square root transformation was used and stepping across of 78 dissimilarities.
are the most important factors driving variation in species richness and composition among the studied sites.
A comparative analysis between results obtained in this work from a lagoon system located in the north zone of the Mexican Caribbean and results from Avilés-Torres et al., (2001) obtained from a lagoon system located in the south zone of the Mexican Caribbean, showed that a higher alpha and beta diversity was found in the north zone as compared to the south zone (Table 3) .
Our results support the view that Mexico is a "betadiverse country" (Soberón & Koleff, 1999) . Changes in -diversity between the sampling stations showed that sites at Chacmochuch bay (Ch1-Ch7) exhibited the greatest values of species replacement over a latitudinal gradient (based on salinity, TSD, and temperature). Therefore, lagoon systems such as Chacmochuch represent key ecosystems for the maintenance of fish diversity in coastal environments such as those found in southeast Mexico. Moreover, in order to maintain beta and gamma diversity in these ecosystems, it will be necessary to protect both high and low diversity sites within a given system, since high levels of species interchange (i.e., -diversity) occur between both types of sites, and it is this condition which determines local and regional diversity.
Descriptors such as topographic complexity, type of bottom cover, physicochemical characteristics, and connectivity among sites are variables that help explain community structure and species composition in aquatic environments such as Chacmochuch (Caballero-Vázquez et al., 2005) . These variables define ecological niches and refuges where the probability of predation and competition is lower, which may result in an increase in species richness for the entire system.
In Chacmochuch, throughout the year there are species widely distributed in the system, in spite of habitat heterogeneity (determined by changes in salinity and the difference of habitats). A possible explanation for this pattern is the tolerance of dominant species to environmental conditions; most of the fishes in Chacmochuch are either marine euryhaline or freshwater euryhaline (that is, secondary sensu Myers, 1938) . On the other hand, of secondary and peripheral species, the groupings of fish (marine stenohalyne, marine euryhalyne, and freshwater) maintain their spatial distribution in the lagoon throughout the year, in spite of the changes in the environmental variables, possibly because the gradient of the salinity and other parameters remain in spite of those variations. Environmental variables in coastal ecosystems influence differently in every life form of species. In Chacmochuch, the salinity is one of the variables that could affect the fish composition in the system; the greater abundance of fish was recorded in environments near the sea area, zone that also has the greatest seasonal changes throughout the year.
Regional vs. local fish diversity. Recent studies have demonstrated that species richness within local communities can influence ecosystem functioning (e.g., productivity) and stability (Nagelkerken et al., 2000b) . In this sense, environmental heterogeneity, which is responsible for beta and gamma diversity patterns, can have a relevant effect on the relationship between richness and ecosystem function (Loreau, 2000) . The high degree of environmental heterogeneity observed at Chacmochuch suggests that species replacement at the local scale is the main determinant of regional diversity. This heterogeneity explain why sites such as Chacmochuch Bay (Ch1-Ch7, Fig 1) are able to support greater resistance and persistence change, together with connectivity with adjacent environments (mangrove, seagrass beds, and coral reefs) (Mumby et al., 2004) . Nevertheless, habitat degradation and pollution at sites like the Manati and Larga lagoons are constant threats to productivity and biodiversity of ecosystems such as the Chacmochuch lagoon (Tilman, 2001; Loreau et al., 2001) . If natural and anthropogenic impacts on this ecosystem continue, they may eventually lead to the irreversible degradation of the entire system (Jackson et al., 2001; Hughes et al., 2003) .
Conservation of biodiversity.
Connectivity in NPA is synonymous of biodiversity conservation for adjacent areas. Connectivity lowers predation and allows for more persistence and resilience of species and systems. Chacmochuch lagoon system acts as a nursery and feeding area for marine fish of Isla Contoy and other adjacent reefs in the zone. Therefore, it is important to maintain connectivity and biodiversity in the area. It is necessary to Comparison of gamma diversity and his components North zone (Chacmochuch) South zone (río Huach) α (species) = 18.23 α (species) =12.88 β (lagoons-1) = 53.5 β (lagoons-1) = 0.38 γ (gamma) = 68 γ (gamma) = 39.0151 Sites = 13 Sites = 8 Τ (species) = 68 Τ (species) = 39 intensify actions to create an extended NPA which will include Chacmochuch lagoon system, Isla Contoy, and other systems. It is important to integrate the systems (lagoons, mangrove, seagrass, seaweed, reefs, and other wetlands), in order to maintain the sustainable use of biodiversity and ecosystem services. Systems with such high beta diversity are common in the Caribbean, although little studied.They offer high benefit/ cost opportunities for conservation, particularly as climate change threatens to alter the species composition of communities of habitat specialists.
Lagoon systems are critical environments to live for many species they are characterized by being highly ecological and hydrological dynamic, which makes it difficult to elaborate predictions on long term ecosystem function or stability. In addition, ecosystem degradation and biodiversity loss in coastal lagoon systems such as: Nichupte and Bojorquez (northern zone), and Chetumal Bay (southern zone) are evident, but the lack of scientific information and adequate monitoring programs have limited the possibility of evaluating their condition in a systematic manner. For this reason, it is a conservation priority to assess the biodiversity of these systems before they are dramatically altered, and in this way generate baseline information for future studies. Although Chacmochuch is a natural protected area and as such has remained free of human impacts for the most part, it is located in the most important touristic region of Mexico and future tourist developments will threaten its current conservation status. Moreover, Chacmochuch also exhibits high connectivity with nearby ecosystems which are contaminated, and this makes it necessary to preserve the entire system and surrounding areas in order to maintain regional diversity. This finding should be taken into account when choosing core areas for conservation in this system, as both high diversity and low diversity habitats will contribute to beta diversity and thus be ecologically important and of regional conservation value in order to maintain overall species diversity. This work can be important to understand the state of conservation of the systems based on spatial patterns of diversity; findings of this type (Tables 2 and 3) represent valuable information which can be taken into account for the management and conservation of natural protected areas at a regional level.
